Under the assumption of hierarchical right-handed neutrino masses, masses of righthanded neutrinos must be larger than 10 8 GeV in the standard thermal leptogenesis scenario, while the mass can be reduced to around 5 TeV in a neutrinophilic two Higgs doublet model. On the other hand, resonant leptogenesis can work with the masses of TeV-scale. However, necessary degeneracy between the lightest and the second lightest right-handed neutrino masses means unnatural fine-tuning of the order of 10 9 . In this paper, we will investigate the resonant leptogenesis scenario in a neutrinophilic two Higgs doublet model. We will find the mass can be reduced to 2 TeV and the degeneracy becomes much milder as of the order of 10 4 . We will also show that degenerate mass spectrum of active neutrinos is disfavored in this setup.
Introduction
In modern cosmology and particle physics, one of important open problems is the origin of the baryon asymmetry in the universe (BAU). Many kinds of models have been proposed in order to solve this problem, however, we do not know which model is true. Thermal leptogenesis scenario [1, 2] is an attractive candidate to explain the BAU, where the simplest model introduces only right-handed heavy Majorana neutrinos in addition to the standard model (SM) [3] . Their CP violating interactions make a lepton asymmetry during their out of thermal equilibrium, and through the sphaleron process, a part of the lepton asymmetry turns into the baryon asymmetry. This simple procedure requires that the right-handed neutrino mass is larger than 10 8 GeV [4, 5] .
On the other hand, when the lightest and second lightest right-handed neutrino masses are closely degenerate, the CP asymmetry is enhanced by a self energy of the right-handed neutrinos. Thanks to the large CP asymmetry, so-called resonant leptogenesis [6] can explain the BAU even with the TeV-scale mass. We might have a chance to detect a TeV-scale new particle in collider experiments, such as Large Hadron Collider (LHC) and International Linear Collider (ILC) [7, 8] . However, in the resonant leptogenesis, the mass degeneracy needs unnatural fine-tuning of O (10 9 ).
In order to explain the tiny neutrino masses in a novel approach, a new class of two Higgs doublet models (THDM), so-called neutrinophilic THDM, has been suggested [9] - [23] . This model introduces an additional Higgs doublet which has Yukawa interactions only with neutrinos. A vacuum expectation value (VEV) of the additional Higgs is expected to have a much smaller energy scale comparing to the SM Higgs doublet. This tiny VEV is an origin of the tiny neutrino masses without tiny couplings of neutrino Yukawa interactions. It plays a crucial role in a low energy thermal leptogenesis as shown in Ref. [23] , where it has been shown that around 5 TeV mass of the right-handed neutrino can realize the suitable BAU.
In this paper, we will investigate the resonant leptogenesis scenario in a neutrinophilic THDM. We will find the masses of right-handed neutrinos can be reduced to 2 TeV, where the degeneracy becomes much milder as of order O(10 4 ). We will also show that degenerate mass spectrum of active neutrinos is disfavored in this scenario.
Brief review of neutrinophilic THDM and leptogenesis
In this section we review the neutrinophilic THDM and leptogenesis briefly.
Neutrinophilic THDM
Here we review the neutrinophilic THDM [9] , where an additional Higgs doublet Φ ν and a discrete Z 2 -parity are introduced. Their properties are assigned as 
The neutrino Yukawa coupling, y ν , can be larger than the ordinal seesaw mechanism, which makes the leptogenesis scenarios work in the TeV-scale as we will show below.
Thermal leptogenesis
To explain the baryon asymmetry in the universe, three conditions are required [24] : B violating interaction, C and CP violation, and out of thermal equilibrium process. Thermal leptogenesis easily satisfy the three conditions by introducing heavy right-handed Majorana neutrinos: L violating interaction of the right-handed Majorana neutrinos, CP violating Yukawa interactions, and non-equilibrium decay due to the expansion of space. Through the sphaleron process, a part of the lepton asymmetry turns into the baryon asymmetry. We can estimate the B − L asymmetry by solving the Boltzmann equations [4, 25] . In the simplest case, where we take the only lightest right-handed neutrino into account, the Boltzmann equations are given by
where z = M 1 /T , M 1 is the mass of the right-handed neutrino and T is the temperature of the universe. The number density of the right-handed neutrino N N 1 and the amount of B − L asymmetry N B−L , are normalized in comoving volume which contains one photon at temperatures T ≫ M 1 , so that the relativistic equilibrium N 1 number density is given by N eq N 1 (z ≪ 1) = 3/4. D denotes the contribution of N 1 decays and inverse decays. S denotes the contribution of ∆L = 1 scatterings mainly from top quark and gauge bosons. W is the washout term which contains the contribution of inverse decay, ∆L = 1 scatterings and ∆L = 2 processes mediated by right-handed neutrinos.
Using the Hubble expansion rate H, the decay term is given by D = Γ D /(H z), the scattering term is S = Γ S /(H z), and the washout term is W = Γ W /(H z), where Γ's are their interaction rates. When the universe is in the radiation dominated era, the expansion rate is given by
where g * is the total number of degrees of freedom, and M Pl = 1.22 × 10 19 GeV is the Planck mass. The decay term and scattering term depend on the effective neutrino mass [26] , defined as
where y ν is the neutrino Yukawa coupling, and v = 174 GeV is Higgs vacuum expectation value. The decay parameter,
represents whether N 1 decays are in equilibrium at T = M 1 or not. Here Γ N 1 is the N 1 decay width,
and m * is the equilibrium neutrino mass, defined as
Solving the Boltzmann equations Eqs. (3) and (4), N B−L becomes [27] ,
where N int B−L is the initial number density of N B−L , and z int is the initial z. ε 1 is the CP asymmetry, and κ is the efficiency factor [28] which dose not depend on ε 1 and given by
The first term of Eq. (10), N int B−L , is the possible production of B − L asymmetry before N 1 decays, which we will neglect.
On the other hand, the present baryon-to-photon ratio of the number density has been measured by Wilkinson Microwave Anisotropy Probe (WMAP) [29] as
Between the electroweak phase transition and the recombination, this ratio was decreased by a factor f which is calculated by the difference of g * as f = g * (t rec )/g * (t EW ) = 86/2387. And, through the sphaleron process, the baryon asymmetry becomes [30] 
where N f and N H are the number of fermion generation and Higgs doublet, respectively. Therefore, we obtain the final baryon asymmetry as
where κ f = κ(∞). η B should be compared with observed value, η CM B B .
Resonant leptogenesis
Next, we review the resonant leptogenesis [6] . CP asymmetry is considerably enhanced through the mixing of two closely degenerate right-handed neutrinos N i (i = 1, 2). As a result, the lepton asymmetry produced by N i decays is enhanced, and the leptogenesis can work even by light N i with O(1) TeV masses.
The CP asymmetry is given by [31, 32] 
where i, j = 1, 2 (i = j). It is approximately given by
where the last factor expresses a mass degeneracy of two right-handed neutrinos. For
When
The absolute value of the first factors are less than unity, so we take
Then, the CP asymmetries are given by
The larger d N is, the larger both ε 1 and ε 2 are. For M 1 ≃ M 2 , the difference between Eq. (20) and Eq. (21) almost depends on the effective neutrino masses, m 1 and m 2 . Then, the resonant leptogenesis can work by N i with TeV-scale masses, while the degeneracy needs terrible fine-tuning of O(10 9 ) in an ordinary resonant leptogenesis. It is a disadvantage with the model.
Resonant leptogenesis in the neutrinophilic THDM
Now let us investigate the leptogenesis in the neutrinophilic THDM. Remind again that the magnitude of v ν (y ν ) which is smaller (larger) than that of the conventional scenario.
In the neutrinophilic THDM, the Boltzmann equation for the lepton asymmetry
:decay and inverse decay
:s-channel ∆L = 1 scattering
:t-channel ∆L = 1 scattering
where Φ ν and A denote the neutrinophilic Higgs bosons and gauge bosons, respectively. γ-terms describe the change of the number densities due to the corresponding interactions.
Here γ ′ -terms are the same as γ-terms up to additional subtraction of the real right-handed neutrinos mediated scattering processes. The washout rate is given by
If the initial n B is equal to 0, this solution n L is equal to −n B−L , and the equation Eq. (22) reduces to Eq. (4). As for the contribution of ∆L = 2 processes, we take a maximal contribution as a upper bound [23] . The thermal averaged interaction rate of ∆L = 2 scatterings is expressed as
with
The decoupling condition,
for T < M 1 is rewritten as
Thus, ∆L = 2 washout processes are more significant for lower v ν . The above inequality gives the lower bound on v ν in order to avoid too strong washout. We will use this bound for the numerical results.
Numerical analyses
Before solving the Boltzmann equations, we recall the condition of the out of equilibrium decay. Using the decay parameter, Eq. (7), the condition K 1 < 1 becomes
Notice that there is an additional factor, (v ν /v) 2 , in the neutrinophilic Higgs model. When we concentrate on the case v ν ≪ v, the effective neutrino masses are given by
Then, the CP asymmetry Eqs. (20) and (21) are given by
where y 2 ν denotes (y ν † y ν ) 22 . Using these parameters, we solve the Boltzmann equations.
We will show the results of numerical calculations below. We consider a scenario with two nearly degenerate right-handed neutrinos N 1,2 whose masses are a few TeV, and neglected N 3 whose mass is much heavier than N 1,2 . We will show the following three dependences: (1) the neutrino Yukawa coupling y ν dependence of the final baryon asymmetry η B , (2) the neutrinophilic Higgs VEV v ν dependence of the CP asymmetry ε 1 and the minimum degeneracy of right-handed neutrino masses d N min , (3) The right-handed neutrino mass M 1 dependence of η B and d N .
At first, let us show the solution of the Boltzmann equations. Fig. 1 shows the evolution of the lepton asymmetry for M 1 = 2 TeV without a sphaleron effect. The generation of the lepton asymmetry is completed at around z fin ≃ 20. The sphaleron process ceases at z sph = M 1 /T sph ≃ 20, because the electroweak symmetry breaking takes place around 100 GeV and we may consider T sph ≃ 100 GeV. If z fin is smaller than z sph , before the sphaleron process ceases N B−L is frozen out, which is shown as the plateau in Fig. 1 . Note that a low energy leptogenesis such as O(100) GeV includes two different types of uncertainty about the sphaleron process. One is that the relation z fin ≤ z sph is not satisfied for small M 1 in usual. So, N B−L is not frozen out during the sphaleron process is active, which leads the final production of the lepton asymmetry to be unclear. The other is about the condition whether the sphaleron process is really in thermal equilibrium, which is roughly expressed by H(T sph ) Γ N 1 = K 1 H(T = M 1 ) and rewritten as
We find K 1 2.5 × 10 −3 for M 1 = 2 TeV. It means that, for K 1 2.5 × 10 −3 , the sphaleron process completely works and the lepton asymmetry turns into baryon asymmetry according to the relation Eq. (13) . On the other hand, for K 1 2.5 × 10 −3 , the validity of using the relation is unclear. In this paper, we do not carefully treat these uncertainties so much, while it could be a crucial point for low scale thermal leptogenesis. Notice that in M 1 = 2 TeV case the resultant lepton asymmetry at K 1 = 10 −2 is not affected by these uncertainties. Figures 2 (a) and (b) show y ν dependence of the final baryon asymmetry, η B (z ≫ 1) with ε 1 = −1. Here η B (z ≫ 1) means that we consider the lepton asymmetry which is frozen out. As discussed above, when M 1 is small as O(100) GeV, η B (z ≫ 1) is changeful. To explain the BAU, at least η B with ε 1 = −1 should be larger than η
CM B B
, because η B is almost proportional to ε 1 , and the absolute value of ε 1 is less than unity. So, if η B with ε 1 = −1 is larger than η
, the observed baryon asymmetry can be always reproduced by taking ε 1 to the smaller value. In Fig. 2 (a) , as y ν is large, the baryon asymmetry extremely decreases between K 1 = 0.01 and K 1 = 0.1, and survives some constant value for K 1 > 1 except y ν = 10 −7 . When y ν is smaller than 10 −7 , the results is nearly same as an ordinary resonant leptogenesis. The behavior shown in Fig. 2 (a) is caused by N 2 washout effect which becomes stronger as y ν is large. Here we have to remind that we use the condition of the out of equilibrium decay, K 1 < 1, where ε 2 ∼ 0. For a non-negligible ε 2 , η B at K 1 = 1 is larger than the value shown in Fig. 2 (a) by a O(1) factor. Figure 2 (b) shows that the same lines (without the line of y ν = 10 −7 ) as Fig. 2 (a) in the lower region of K 1 , where all lines represent enough baryon asymmetry is produced at least for K 1 2 × 10 −6 . We find that this bound corresponds to 10 −15 eV < m 1 < 10 −8 eV for y ν = 10 −4 (illustrated by shaded region),
where the upper bound is determined by K 1 < 1. It is worth noting that degenerate mass spectrum of active neutrinos is disfavored. Figure 3 (a) shows ε 1 which is agree with the BAU, and Fig. 3 (b) shows the minimum of d N defined as Eq. (17) the inequality
Fitting the value of ε 1 , that is, taking η B (z ≫ 1) = η
, we obtain the minimum of d N , which is denoted by d N min . In Fig. 3 (a) , ε 1 is almost proportional to the v But, from the measurement of flavor-changing neutral current, y ν > 10 −3 (v ν < 0.1 GeV)
has been ruled out. And, it was shown that when we include the contribution of ∆L = 2 processes in the Boltzmann equations, v ν < 0.3 GeV is washed out for M 1 = 2 TeV [23] . So, we need not to consider the small v ν such as 0.1 GeV (large y ν such as 10 −3 ).
Finally, we check the dependence on the right-handed neutrino mass. M 1 dependence Fig. 5 (b) . In the latter case, d N min becomes smaller as M 1 becomes large. We obtain the lowest value of the degeneracy from the former case due to the small ε 1 .
As a summary, we show rough values of d N min and m 1 for each y ν in Table. 2. The bounds for m 1 are given by TeV scale mass of right-handed neutrinos. Note that y ν = 10 
Summary and discussions
We have studied the resonant leptogenesis in the neutrinophilic THDM. Although usual thermal leptogenesis requires the right-handed neutrino mass is larger than 10 8 GeV, the neutrinophilic THDM can reduces the mass to around 5 TeV [23] . On the other hand, resonant leptogenesis works with the masses of O(1) TeV, however, the degeneracy between the lightest and the second lightest right-handed neutrino masses requires unnatural finetuning of O(10 9 ). In this paper, we have shown the resonant leptogenesis works with the right-handed neutrino masses of 2 TeV in the neutrinophilic THDM, where the fine-tuning of the mass degeneracy can be much smaller as O(10 4 ). We have also shown that degenerate mass spectrum of active neutrinos is disfavored in this setup. Finally, we comment on how small we can take the masses of right-handed neutrinos. If we consider the low energy thermal leptogenesis of O(100) GeV, we have to mind two conditions about a sphaleron process: (1) whether or not the lepton asymmetry is frozen out before the sphaleron process is finished, (2) whether or not the sphaleron process is in thermal equilibrium. If both answers are yes, we do not have a problem. If not, we must treat a uncertainty, and when the right-handed neutrino masses are of O(100) GeV, the model usually contains this uncertainty. Thus, if we consider the thermal leptogenesis of O(100) GeV, we must estimate carefully. This is why we took the result that the righthanded neutrino masses are 2 TeV.
